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Introduction
The microwave spectrum of ethyl alcohol has been the subject of previous investigations by several groups. Early work on the trans rotational isomer, or rotamer, was carried out by researchers in Belgium, the USSR, and Japan [1] [2] [3] . These different research groups were originally interested primarily in determining the structure of the molecule [1-21J. The first extensive set of microwave measurements included-96 transitions and was the result of a series of investigations by Mi~hielsen-Effinger [17] . A total of 38 of these assigned transitions were confmned with a double resonance technique by Seipt [22] . A study of the trans isomer in the first excited hydroxyl torsional state, the first excited methyl torsional state, and the V= 1 state of the CCO bend was conducted by Sasada [23] [24] . The existence of gauche rotamers of the hydroxyl torsional motion, corresponding to secondary minima in the torsional potential, was discussed in several early pa[.ICIS, and a fc;w tlansitiuus lx:lungillg tu thc;sc; rulamc;ns wc;rc; assigned [3, 4, 7, 9] . The frrst major attempt at assigning rotational-torsional spectra involving the gauche rotamers was made by Kakar and Seipt using double resonance techniques [25] . In a thorough study, Kakar and Quade [26] determined the potential barriers to OH torsional and methyl motions, as well as the gauche dipole moment components [26] . Tn a previous Jonrnal of Physical and Chemical Reference Data review article, Lovas [27] collected and analyzed with a Watson Hamiltonian most of the previously reported trans spectral lines including many previously unpublished lransitiums. Alsu n:purte::d in this work we::n:: un:: first trans transitions with resolved methyl torsional splittings, along with information on the gauche states and other isotopes [27] . Predicted transition frequencies for selected transitions through J = 25 and 300 GHz based on data below 130 GHz were given for the trans rotamer. In this article, we extend the measured frequency range for this rotamer to 350 GHz and the range of predicted transition frequencies through 600 GHz.
Ethyl alcohol in its trans rotational isomer has been observed in several warm, dense interstellar molecular clouds, following the initial observation by Zuckerman et al. in Sgr B2 [28, 29] . It is believed to be responsible for a number of observed but heretofore unassigned transitions in the submillimeter-wave region [30] . Therefore, a systematic study of the rotational spectrum in the millimeter-wave and submillimeter-wave regions is necessary to confirm the hypothesis. There are several competing theories regarding the interstellar fonnation of ethanol and other large organo-oxygen molecules [31] . In particular. it is believed that these molecules can be formed both in the gas phase and on grain mantles. For the latter mechanism, warming temperatures associated with star formation are needed to drive me marerial into the gas phase where it can be detected via rotational transitions. The dual formation mechanisms suggest that detection should be possible in both warm and cold interstellar regions. All of the confirmed astronomical observations to date are of the trans isomer; however, it should be possible to detect the transitions in the gauche isomers as well since they lie only about 60 Kelvin above the trans isomer. A complete J. Phys. Chern. Ref. Data, Vol. 24, No.1, 1995 study of the gauche rotamers will thus be important for astronomical observations and assignments of this molecule, and a useful probe of temperature in star forming regions.
Theory
A near prolate asymmetric top, the ethyl alcohol molecule possesses in addition two large amplitude internal motions: the threefold symmetric internal rotation of the methyl group and the asymmetric internal rotation of the hydroxyl group. The motion of the methyl group is hindered by a high barrier (V 3 ... 1164 em-I) to threefold internal rotation [20, 27] , which can be analyzed with either a principal axis method (PAM) or an internal axis method (lAM) for describing the internal rotation. The threefold symmetry leads to torsional substates of A and E symmetry in the C 3 group. Rotational transitions within these substates occur at nearly identical frequencies due to the high barrier, although small A-E splittings can often l.Jc; rc;:sulvc:u. In additiun, tran:sitiun:s nunnally furbiddc:n in asymmetric tops occur in the E torsional substates. The asymmetric internal rotation of the hydroxyl group possesses an intermediate-size barrier with three potential minima, as can be seen in Fig. 1 . The global minimum is referred to as the trans configuration or rotamer, whereas the secondary minima are referred to as gauche configurations or rotamers. Figure ? ~hows the positions of the hydroxyl gronp for the three potential minima, looking down the CO bond. The potentialleads to a pattern of three torsional substates; the higher the potential barriers, the greater the degree of localization of the:: wave functiuns centc:rc:d un the putential minima. Fur the ground level, the lowest torsional substate is the trans state with two gauche states, the gauche+ and gauche-, at higher energies. The absolute values of the wave functions for the gauche states contain peaks at both gauche positions, with the + and-designations referring to symmetric and antisymmetric linear combinations. Kakar and Quade determined that the gauche+ and gauche-states are split by 3.2 cm -I and lie 41.2 ± 5.0 cm-1 above the trans state [26] . Figure 3 shows how rotational levels in the ground vibrational state are split by hydroxyl and methyl torsional motions. The 41.2 cm-I energy difference between trans and gauche states is large enough to leave a significant number of trans rotational levels unaffected by the gauche rotational levels, but the larger rotational constants for the trans rotamer lead to the fact that at high enough rotational energy the trans and gauche rotational levels will start to overlap. As a result, rotational transitions in the trans state should be unperturbed for a fairly wide range of1 and K. vall1e~_ However, at high 1 ann K. value .. , the frnns rotamer rotational ellergy levels will eventually cross the gauche rotamer levels with comparable quantum numbers resulting in the Coriolis-like perturbations that are observed in (he frans spectrum. The 3.2 cm-1 energy diffe::rence between the gauche states results in strong perturbations beginning at low J values, requiring the perturbations to be considered in the analysis of the gauche spectrum [26] .
The trans isomer of ethyl alcohol has a dipole moment that lies almost exactly on the baxis. making a-type transitions either very weak or undetectable. Although some a-type tran-J, K a' K c btype transitions are very strong with the exception of some PI R branches which have small transition moments. The gauche isomers have a nearly zero dipole component in the b-direction so that no b-type transitions have been unambiguously observed. Pure rotational transitions (i.e., transitions within the gauche+ or gauchestates) have atype selection rules whereas transitions between gauche+ and gauchestates are allowed by the non-zero moment in the c-direction [26] . The change in dipole moment direction in the different rotamers suggests that the dipole moment in ethyl alcohol is primarily associated with the internally rotating hydroxyl group.
The selection rules deduced from a consideration of the rigid-body rotational and hydroxyl torsional motions must be slightly modified when methyl internal rotation is included. In transitions and the frequency splittings between btype and c-type spectral lines require an internal rotation analysis. For ethanol, the effect is largest when the asymmetry splittings are on the order of 1 MHz, which is comparable to the methyl internal rotation effect. The mixing of parity states described here is not the only mechanism leading to c~type trlln~iti()n~:
high order torsional-rotational interaction can actually reverse the -K a , +Ka ordering of the E -state Ka doublets and transfer intensity from btype to c -type transitions completely if asymmetriC top notation is utilized [32] .
Experimental
The ethanol sample used was reagent grade obtained from commercial sources. The sample was introduced into sample cells which ranged from one to four meters in length. Measurements were mudc at pressures from 6 to 35 mTorr. The small methyl splittings were resolved at low pressures and small frequency modulation. The weaker transitions were observed at higher pressures and with larger modulation. The spectra were recorded on three different spectrometer systems. Spectra between 78 and 117 GHz were measured with the spectrometer at the Physikalisch Chemisches Institute of the JlI~tll~ T .iehig Universitat in Giessen. Germany. This spectrometer uses a KV ARZ millimeter-wave synthesizer as a source. Other spectra were recorded with either a tripled YIG oscillator amplified by a TWf amplifier and multiplied by a GorJy lypt: lJill IlltJllic gt.::ll\:ldtOI 01 with a 55 GIlL klystron and a similar harmonic generator. JnSb hot electron bolometers
MILLIMETER-AND SUBMILLIMETER-WAVE SPECTRUM OF TRANS-ETHYL ALCOHOL

5
The measurement accuracy is better than 50 kHz for the strong split transitions and better than 100kHz for aU transitions measured in this work.
Extensive measurements were made between 65 and 350 GHz, including re-measurement of many previously reported transitions in an effort to resolve the methyl splittings, many of which are detectable in the Doppler limit. A total of 481 transitions, including 168 with resolved methyl torsional splittipgs, have been measured and analyzed. In the case of small asymmetry splitting of the Ka doublets, extra transitions were often observed and assigned to c-type methyl internal rotation-allowed transitions as shown in Fig. 4 and discussed above. All split transitions require the methyl internal rotation to be considered for detailed analysis. The large number of trans transitions which are not resolvable into A and E components can be analyzed more simply via a standard asymmetric top treatment, in which the split transitions can also be considered by suitable averaging [27] .
Many transitions of the gauche and trans isomers exhibiting perturbations were measured and assigned, but they are not included in the present analysis since they require a proper treatment of the hydroxyl torsional motion, and its kinetic and potential interaction with other motions. Indeed, in addition to an extension of the trans rotational spectrum to· higher frequency, another purpose of this work was to determine the 800 E Transition 600 '" -200 -400 range of J and Ka values in which the trans state could be analyzed without considering interactions with the gauche rotamers in the ground OH torsional state. The existence of unsplit transitions [17, 22] that cannot be analyzed accurately with a simple asymmetric top analysis has been known for some time, as has the likely origin of the problem. More data were needed to confirm the hypothesis, necessitating the measurement of a significant number of new transitions.
Analysis
The present analysis of the spectrum of the unperturbed rotational transitions in the trans state was performed in two stages. The first step was to account for the methyl splittings and the c-type transitions. An internal axis method (lAM) torsional analysis was used to predict all the transitions in trans-ethanol, whether resolved or not; however, for some purposes, such as astronomical searches, the lAM analysis is unnecessary, since the methyl torsional splittings will not be resolved. As a result, a standard asymmetric top analysis using a Watson A-reduced Hamiltonian [37] was performed on all the unresolved transitions and the average of the split (A,E) b-type transitions. This analysis was used to generate predictions for astronomical use. 
lAM Analysis
The lAM Hamiltonian is similar to that used for methanol [38] although, for ethanol, rotational-torsional energy levels have been calculated only for the lowest torsional state and asymmetric rotor notation utilized. A similar analysis can be found in [39] . A total of 220 A -state and 261 E -state transitions with quantum numbers in the range J~30 and Ka~7 including the 115 transitions reported by Lovas [27] were fit to a root-m~an-square (RMS) deviation of97 kHz. The transitions used iri this analysis are given in Table 1 along with the calculated frequencies and residuals. The rotational constants A, B , C, Dab; four of the five fourth-order distortion constants (d'K, d" dK, 8,); three sixth-order distortion constants; the Um::duh.l pult:lllial barrier V 3 ; and the unitless imernal rmarion parameter p were determined. The parameter F, the reduced rotational constant for torsional motion, was fixed at the value calculated from the molecular structure determined by eulot [20] . The parameter Dab is in principle calculable from a combination of other molecular parameters and is highly correlated with A and B. The fit is slightly better if Dab is varied, but the uncertainty in A and B is much larger as a result. Duc to the high barrier and the small value of p, it is not surprising that none of the high-order interaction constants between torsion and rotation is determinable or needed [38] . The internal rotation analysis correctly predicts the E -state mixings and the intensities of the c -type E -state transitions.
The constants determined from the lAM analysis are given in Table 2 . The only constant that can be compared directly with constants from previous PAM analyses is V), the threefold potential barrier. Our threefold barrier of 1173.7 cm-1 agrees within uncertainties to previous values of 1169.2 cm-1 and 1164.3 cm~ [20, 24]. The analysis does not include any coupling between the OH and CH 3 internal motions or V6 effects, which clearly influence the barrier height. In addition, our analysis cannot fit the effects of the perturbations with the gauche states, and several transitions were excluded for this reason. Predictions of transition frequencies and A -E splittings through 1=30 are available upon request.
Asymmetric Rotor Analysis
In addition to the lAM analysis, vitually all of the measured btype trans lmes were fit with a Watson A -reduced Hamiltonian in the r representation [37] . In this analysis, the btype transitions with resolved methyl internal rotation splittings were averaged so as to resemble blends. The analysis contained a total of 557 transitions, including 481 from this work. The measured transitions, predicted frequencies, residuals. 5 values. and energy levels are given in Table 3 . Intensities can be obtained by mUltiplying the 5 values by the square of the b-component of the dipole moment (!-Lb = 1.44 D). The energy of the primed (upper) state is given. Table 3 also includes a list of trans isomer predictions with uncertainties to 600 GHz that do not exhibit the effects of perturbations with the gauche states (sec the discussion below). A total of 16 parameters were detem1ined with this analysis and are shown in Table 4 . This table also shows parameters determined from an updated analysis of lower frequency data [27] . Comparison between the two sets of parameters shows some discrepancy in the sextic terms. The RMS deviation of III kHz is a little larger than the measurement accuracy, but the analysis does show some systematic error at low J values, where the methyl splittings tend to be measurable. The fit also has difficulty accounting for the regions where the c-type transitions occur because the average btype frequency is not where it would be in the absence of E state torsional mixing. Another problem exists at high J and Ka limits, where it is possible that the trans rotational levels are starting to show small shifts due to interactions with the increasingly nearby gauche rotational levels of comparable quantum numbers. These effects probably cause some increase in RMS deviation, but appear to be random due to (he differing magnitudes of the interactions. Transitions at high J and Ka values that are systematically shifted and could not be fit without considering interactions with the Rauche states are not included in the analysis and have been excluded from the predictions in Table 3 . Predictions at frequencies above 600 GHz are available from the authors but must be used cautiously.
Discussion
The maximum J value to which the trans state can be analyzed without considering the effects of the gauche states is given in Table 5 as a function of Ka. As Ka increases, the maximum value of J decreases. There is some Kc dependence to the onset of the perturbations within a given Ka value, so the values in Table 5 are approximate. In general, for a given Ka value, once the perturbations start several J levels can be followed in a slowly diverging pattern before large deviations occur. Presumably at still higher values of J , the perturbations will decrease in size. An analysis of the strongly perturbed trans rotational levels and the rotational levels in the gauche states will require either a three-state Coriolis perturbation Hamiltonian or an lAM Hamiltonian which contains the asymmetric hydroxyl internal rotation and its interactionsboth kinetic and potential. The two analyses we have performed on rotational-torsional transitions in the trans isomer account satisfactorily for all the trans transitions observed that do not exhibit perturbations. Predictions based on the constants within the range of 1 and Ka values given should be accurate enough to assign many new astronomical lines through 600 GHz. Indeed. assignments of 14 new submillimeter-wave lines of ethanol in a warm molecular cloud [40] have been made very recently based on our measurements and predictions.
We thank the referee for the reanalysis of the lower frequency data. K. V. L. N. Sastry thanks the Deutscher Akademischer Austauschdienst (DAAD) for financial support during his stay in Giessen. Gennany. The laboratory work in Giessen was supported in part by the Deutsche Forschungsgemeinschaft and the Fonds der Chemischen Industrie. This material is based upon work supported by NASA. We wish to thank the Ohio Supercomputer Center for time on their Cray Y-MP8 computer. 13  11  II  19  19  12  12  14  14   2   16  16  13  13  14  14  15  15  15  15  17  17 18 18 14 14 Freq. obs. Notes: line frequencies below 60 GHz are from Ref. [27] . The symbol "TS" refers to the symmetry of the methyl torsional substate. The measurement accuracy is better than 50 kHz for the strong split transitions and better than 100kHz for all transitions measured in this work. Ref. Ref. Notes: References a) and b) refer to the present worle Reference b) indicates that an average of a measured torsional doublet has been taken. The listed state energy in em-I is for the upper state. The uncertainties are calculated for those transitions that have not been measured. For those transitions that have been measured. residuals (observed -calculated frequencies) appear in the uncertainty column. 
